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1.1 Introduction to light scattering 

Light scattering studies of small particulate matter produces results which have direct 

applications in atmospheric aerosol monitoring, aerosol generation processes, climate 

modelling, remote sensing, nanoscience, medical applications and most importantly 

astrophysical dust characterization. Laboratory modelling and simulation of interstellar dust 

particles and atmospheric aerosols, using synthesized analogue samples, is an efficient 

technique to measure their optical properties, widely distributed in shapes and sizes [1-4].  

Light scattering is an outcome of light matter interaction phenomenon. It can be defined 

as the process of redirection of an incident beam due to the presence of an obstacle or due to 

variation of refractive indices in the propagation medium. The incident radiation induces 

individual dipoles in the medium to oscillate with its frequency, which in turn produces its own 

set of secondary radiations. The scattered field is additive i.e. the total intensity is a sum of all 

the scattered signals. 

Light scattering can be broadly divided into two categories – (i) elastic and (ii) inelastic 

scattering. The former is the process in which the frequencies of incident and scattered waves 

remains same. While in the latter a change of frequency takes place during the light matter 

interaction event. Figure 1.1 shows a basic form of the light scattering phenomenon. 

Further the theoretical explanation for the entire process of elastic light scattering may be 

divided into three basic domains according to the particle sizes as compared to that of the 

incident wavelength, 

i. Particle size smaller as compared to wavelength (Rayleigh scattering region).  

ii. Particle size comparable to the incident wavelength (Mie scattering region).  

iii. Particle size is much larger than the incident wavelength (Geometrical optics region).             

The scattering of light by aggregates may be single or multiple scattering. In single 

scattering the total scattered intensity is the sum of intensities scattered by each particle. If the 

particle separation is larger as compared to the radius of a single scatterer, no interference 

between light scattered by individual particles is observed (prominent in case of interstellar 

dust) [3, 5]. 
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In multiple scattering the secondary scattered fields from individual dipoles interacts 

with each other before being detected. In this case the light scattered by individual particles 

are not independently detected due to higher densities and the interference between scattered 

waves of individual particles must be considered [2].  

1.2 Light scattering as an optical characterization tool 

Extensive research on light scattering by different types of scatterers has been carried using 

different theoretical methods, simulation tools as well as experimental set ups with significant 

success. But due to limitations in addressing all the factors in a complex real situation, the 

theoretical and experimental results seldom match to high accuracies. The light scattering from 

particles that has been extensively investigated in the ultra-violet (UV) wavelengths, visible 

and infrared wavelengths includes aerosols and interstellar dust analogues.  

The theoretical scattering characteristics of light by homogeneous spherical particles 

can be computed using Lorenz-Mie theory. But the natural and artificial particles are 

nonspherical or irregular for e.g. interstellar dust particles, atmospheric aerosols and 

microorganisms. The scattering properties of nonspherical particles differs dramatically from 

those of spherical or regularly shaped particles. So, nonsphericity must be thoroughly studied 

[3, 4]. Computationally dealing with complex and highly irregular shaped dust particles is a 

difficult problem due to the lack of adequate information about the shape, size, roughness, 

porosity, fluffiness and internal structures of those particles. The best approach is to try 

a b 

Figure 1.1 Light scattered by a (a) single particle and (b) multiparticle system. 
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different advanced and efficient algorithms to model using a vast range of shapes and sizes 

supposed to constitute the complex dust systems. 

        One of the most important fields of optical characterization is the study of aerosol 

scattering properties. Aerosols are irregularly shaped particles naturally available in the 

atmosphere. They are either solid or liquid particles suspended in a gaseous medium or air. 

They are defining factors in influencing the radiative balance of the atmosphere and climate to 

a great extent [6]. The study of atmospheric aerosol has its applications in remote sensing, 

climate modelling and air quality monitoring [7-9]. 

Another important field for light scattering is the study of astrophysical dust. Dust 

grains determines the properties of interstellar medium [10]. The light scattering studies of dust 

present in the interstellar medium, protoplanetary disc, cometary comae and tails gives 

collective idea of their complex optical and radiative properties. The optical properties of dust 

grains directly affect the radiation fields from direct light sources observed with astronomical 

instruments. The laboratory analyses of interstellar dust analogues are absolutely vital for 

supporting the investigations based on observational data obtained with the ground and space 

based observatories.  

Studies of interstellar and cosmic dust has confirmed that the majority of these particles 

have highly irregular and complex shapes [11, 12]. Realistic modeling of such type of particles 

requires visual evidence which is very difficult to acquire with a few exceptions like the 

STARDUST mission [13]. Recently, models of interstellar dust has been extensively studied 

by various research groups with carbonaceous dust (graphite and amorphous carbon particles), 

silicates (olivine, fayalite etc.), polycyclic aromatic hydrocarbons (PAHs), etc. [14-16]. 

Despite the numerous computational, observational and experimental studies, the physical and 

optical properties of dust particles are not properly known till date [17, 18]. Also laboratory 

based experimentations are required for interpretation of the observations [19].  

The result of research works on analogue samples of naturally occurring aerosols and 

interstellar dust is a major contribution of the static light scattering technique. Light scattering 

instruments were developed and used to study a diverse kind of samples since the 1920s. The 

first instrument capable of measuring angular scattering patterns of particle systems called 

Tyndallmeter was developed by Tolman and Vliet in 1919. It was fitted with an electric light 
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bulb as source and a Macbeth illuminometer as the detector to study liquid suspensions, smoke 

and mists [20]. Sinclair and La Mer developed another such instrument for particle sizing 

measurements of aerosols in 1949 [21]. Another such instrument was developed by Wyatt and 

Phillips in 1972 [22]. Grehan and Gouesbet (1980) used a setup to measure scattered light by 

a single levitated glass particle with an ionized argon laser beam [23]. Gucker et al. (1973) 

developed a single particle photometer to measure light scattering patterns through a full 360⁰ 

range [24]. Perry et al. (1978) developed an advanced instrument capable of measuring Mueller 

matrix elements [2]. The instrument is capable of determining nonsphericity of particles 

applicable to astrophysical dust [25, 26]. Hovenier et al. used an instrumental setup to measure 

light scattering matrix elements at 441.6 nm and 632.8 nm [27].  

  Several micron and sub-micron sized aerosol and dust particle generators or nebulizers 

have been developed which significantly accelerated dust research using optical techniques 

[28, 29]. Regourd et al. used numerical simulation with mixtures of silicates and organics to 

imitate size and composition of cometary dust particles and concluded that mostly the dust 

grains are compact and fluffy [30]. Henning et al. reported the temperature influence on cosmic 

dust analogues of silicates and iron compounds [31]. Theoretical computations showed that the 

size-averaged values of scattering matrix elements depends on various physical parameters 

[32]. Such computations can also reproduce experimental results successfully [33].  

The scattering matrix elements have been also studied at multiple wavelengths using 

combinations of goniometer setups and theoretical models for applications without direct 

contact [34]. Studies also demonstrated the advantages of using nonspherical particle models 

based on techniques like Discrete Dipole Approximation (DDA) and Geometric Optics 

Approximation (GOA) to simulate scattering properties of dust particles over conventional 

sphere models [35]. Zubko et al. developed a model of random irregular particles using DDA 

to study light scattering parameters that showed significant diversities in optical properties 

influenced by shape [36].  Gogoi et al. used an improved C program to compute light scattering 

by small particles and the effects of physical parameters like refractive index and size 

distribution on the scattering patterns [37]. Dubovik studied desert dust aerosol light scattering 

properties to reveal notable differences between spherical and nonspherical particles [38].  
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 The refractive index and extinction coefficient of small particulate matter has 

prominent effects on their optical properties. Several studies have been performed to prove that 

changes induced by temperature and other physical parameters in optical constants could alter 

the predicted absorption and emission patterns [39]. The temperature dependence of the 

dielectric properties of interstellar carbonaceous and silica dust grains was studied by 

researchers [40]. The most important works which includes all the calculations of refractive 

index of carbonaceous and silicate materials for a wide wavelength range and variable 

temperatures are saved in a database named ‘the Jena-Petersburg database of optical constants’ 

(JPDOC) [41]. Roleau and martin tabulated the optical constants of amorphous carbon (a 

candidate of interstellar dust) [42]. Draine et al. reported the construction of dielectric functions 

for graphite and silicate mixtures using laboratory measurements and infrared observations 

[15]. A spectrometer with two illuminating laser sources were developed to measure, 

simultaneously, particle sizes and refractive indices [43].  

The analogue samples of interstellar dust synthesized in the laboratory are 

complementary part of light scattering studies. Such readily available particles could be used 

directly in the experimental characterizations providing valuable insights into the dust grain 

properties. Rotundi et al. systematically presented a number of synthesis techniques for 

astrophysical dust analogue of carbon and mineral silicates [44]. Pinnick et al. generated 

aerosol particles in the laboratory for in situ measurements [45].   

Recent studies revealed the diverse composition, crystal structure and size of 

interplanetary dust particles [46-51].  The Hubble space telescope [52] indicated that 

interstellar medium contains amorphous silicate, carbon, graphite and ice particles along with 

carbonates and oxides [53-57]. Compositions and density of grains are significantly different 

in different regions in space. For example, the meteoric dust particles are mainly composed of 

anhydrous oxides of silicon, magnesium, aluminium, iron and calcium as compared to dust 

particles of graphite and silicates in the interstellar medium [19, 58].  The most extensively 

used representative of extraterrestrial dust particles are magnesium and iron silicates along 

with graphite [59]. But an accurate interstellar dust model that fits the observed emission and 

extinction features simultaneously is absent. So these problems needs to be addressed 

extensively [14]. The interstellar absorption and extinction curves could be reproduced in 
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numerical modeling by taking into account the effects of physical material properties [60, 61]. 

But small oscillations and features in the micro scale could only be addressed by considering 

additional variable like orientations as compared to the conventional ones [62-65].  

1.3 Computational tools 

A number of theoretical tools and algorithms which provide sufficient support for experimental 

light scattering studies of regular and ordered particles are available. The Mie scattering theory 

is one of the best known tool that gives exact solutions to the light scattering problem of perfect 

spheres and spheroidal particles. Similarly the T- matrix approach is advantageous for some 

particular standard shapes. But particles encountered in realistic environments are not always 

spherical, but are nonspherical, non-rotational, non-symmetric, inhomogeneous, coated, chiral 

or anisotropic [4]. In order to study highly irregular particles found in terrestrial and 

extraterrestrial environments e.g., mineral and soot aerosols, interstellar and cometary dust 

grains, algorithms like superposition T-matrix method (TMM), Finite Fifference Time Domain 

(FDTD), Discrete Dipole Approximation (DDA), etc., along with some modifications are 

required [66].  Although unavailability of an exact algorithm to address the nonsphericity of 

particulate matter still persists, some of the developed methods are relatively successful in 

supporting experimental studies to some extent for e.g. DDA, FDTD etc. Importantly, the 

computational tools and experimentations require to be complimentary to each other to make 

simulations effective [67]. 

1.3.1 Computational tools for spherical particles (Mie theory)  

Mie theory is the most effective numerical algorithm in determining the absorption and 

emission properties of small particulate matter with spherical shapes. Although this theory 

provides exact solutions to only spheres, it’s also widely used to compute the optical properties 

of nonspherical particles to a lesser extent. Its simplicity has led to wide use in many numerical 

techniques [2, 3]. 

The analysis of the properties of radiative transfer equations requires extensive 

formalism of analytical methods to find the scattered electric and magnetic fields subjected to 

boundary conditions. These calculated values must be accurate enough to reproduce optical 

spectral patterns observed in case of light matter interaction phenomenon. Mie theory satisfies 



Introduction   Chapter I 

  

 

 9 
Optical characterization of particulate matter using indigenous computational and experimental techniques  
   
 

all those important criterions of an efficient computational tool for spherical shapes. The only 

restriction is that it requires the particle size parameter to be 2πr/λ ≈ 1 (r → radius of the 

particle) with only real values of the refractive index, i.e. non-absorbing particles. 

1.3.2 Computational characterization techniques for nonspherical particles 

The computational techniques involving the investigation of nonspherical particles are 

generally restricted by the particle size parameter (size of the scatterer relative to the incident 

wavelengths). These methods require rigorous mathematical calculations involving scattered 

radiation fields considering the irregularities in shapes and particle orientation directions. 

Some algorithms like the finite-difference method and finite element method are efficient but 

the computational requirements are unaffordably high, as the particle size increases. Another 

such method is the null field method. Some of the method are briefly explained in this section. 

1.3.2.1 Finite Element Method (FEM) 

The finite element method provides approximate solutions to elliptic partial differential 

equations or boundary value problems involving light matter interaction events. This method 

simplifies the elliptic partial differential problem by converting the equations into simple 

algebraic forms. To calculate the scattered fields at particle surface it numerically solves the 

vector Helmholtz equation, constraining the system with applicable boundary conditions [68, 

69].  

The principal advantage of FEM is that it facilitates nonspherical and inhomogeneous 

particles to be considered for calculation of radiation fields. It is also easy to execute and is 

free of the singular-kernel problems involving integral equation methods. But one of the 

disadvantage is that it is computationally time consuming compared to the methods that 

provides exact solutions. And is difficult to apply for particles beyond size parameters of 10.  

1.3.2.2 Finite-Difference Time-Domain method (FDTD) 

This technique is applied in the microwave region. Its applicability is immensely wide, ranging 

from study of scattering from metals to dielectrics and antennas. One major utility is the study 

of radiation effects on human body. The technique was first proposed by K. Yee [70, 71]. 

FDTD is based on discretizing the Maxwell’s equations.  
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FDTD directly solves Maxwell’s time dependent curl equations [70]. The scattering 

particles are treated using a set of absorbing boundary conditions and the scattering properties 

are calculated in free space [4]. The discretization significantly reduces memory requirements 

as it reduces the number of linear equations to be solved. It holds significant advantage over 

other numerical codes in terms of allowed size parameter. 

1.3.2.3 Discrete Dipole Approximation (DDA) 

Discrete Dipole Approximation (DDA) facilitates the calculation of scattering and absorption 

by nonspherical shapes. It is advantageous mainly for targets comparable to incident 

wavelength. DDA can calculate scattering properties for particles satisfying ‘ 25/2  effa ’ 

( effa → effective particle size) for refractive index (m) smaller than unity i.e. (│m - 1│≤ 2). 

Apart from single particle, the 4×4 Mueller matrix can be also computed for periodic targets. 

It is the most widely used code to calculate scattering by terrestrial and extraterrestrial dust 

because of its flexibility regarding shapes. DDA is also capable of computing scattered fields 

for inhomogeneous and anisotropic particles [72].  

DDA (or coupled dipole method) involves approximating the target particle by a 

number (N) of polarizable points called dipoles [73]. It considers all possible internal 

interactions of the incident field and the radiation scattered within the particle volume. It 

involves rigorous solution to N-partial differential equations containing the scattered field 

information of all the radiating dipoles. And then specifies location to all the point dipoles to 

whole volume of the scattering particle and thereby account for irregularities in the geometry. 

But the number of dipoles must not exceed a value of 106 owing to CPU computational powers. 

Recent developments in DDA incorporates complex-conjugate gradient (CCG) methods and 

fast-Fourier-transform (FFT) which significantly reduces the computation time. A user 

friendly FORTRAN© code of DDA ‘DDSCAT’ has been developed by Draine and Flatau [74] 

as an open source code. Modern scientific workstations allows the particle size parameters to 

be extended for a range of 10x introducing sufficiently large number of dipoles [75, 76]. The 

main disadvantages of the technique is that it is relatively time consuming and the numerical 

accuracy decreases with increasing particle sizes. Also with increasing number of dipoles the 
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whole calculation needs to be repeated for each new incident directions (for DDA with CGM-

FFT) [75-77]. 

1.3.2.4 T-Matrix Method (TMM) 

The null-field method or T-matrix method is a technique for computing light scattering by 

conducting and dielectric particles, especially with some regular geometries [79, 80]. The T-

Matrix approach can treat a number of arbitrary geometries from multilayered and composite 

particles to chiral particles [81, 82]. It is also used in study of multiple scattering by targets 

[83]. Till date its numerical stability has been vastly improved in computations for complex 

shapes [84]. A number of numerical algorithms based on T-Matrix are available for 

computations [67, 85, 86]. T-Matrix can compute scattering properties of both homogeneous 

and inhomogeneous particles, isotropic and anisotropic materials, conducting spheres with 

axisymmetric surfaces, layered particles and nonspherical particle clusters.  

1.3.2.5 Geometric Optics Approximation (GOA) 

The geometric optics approximation (GOA) also known as ray tracing method is employed to 

compute light scattering properties of very large particles compared to incident light 

wavelengths. GOA assumes a collection of parallel rays to replace an incident electromagnetic 

beam. Later Snell’s law in combination with Fresnel’s equations are used to model the light 

matter interaction taking place in the particle. The scattered rays are sampled over the particle 

projections using diffraction patterns of incident waves, giving a solution to the scattering 

problem. It is straightforward for spheres but couples with Monte Carlo simulations to produce 

scattering patterns for nonspherical shapes [4, 87, 88]. GOA is particularly not restricted by 

particle shapes but less reliable due to its approximate formalism. 

1.3.3 Computational Codes in public domain 

The available computational tools used to treat the nonspherical particle problems are not 

applicable to all shapes and orientations. These methods are application oriented, restricted by 

particle geometries and size parameters, even to some extent depends on the complex refractive 

index. Some advantages of one technique may be observed over another in particular cases 

depending on the situations and physical parameters. It’s also an extremely difficult task to 
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compare all the techniques or accuracy and efficiency as they seldom find applications in 

similar kind of computations. Other than Mie theory, DDA and T-Matrix are considered to be 

standardized in this case. Standard results for spheroids and other standard shapes were 

reported a number of times [89, 90]. But considering the realistic particulate matter samples 

widely varying in shapes and sizes, the accuracy of computational techniques are always put 

into test while treating atmospheric aerosols and dust.   

Several efficient software packages are available to compute light scattering parameters 

using Mie theory, TMM, FDTD, DDA etc. The particular software package DDSCAT7.3, used 

in this work is based on DDA. Some of the popular DDA codes are DDSCAT, DDSCAT.CPP, 

ADDA, OPENDDA, etc. [66]. DDSCAT, by Bruce T. Draine (Dept. of Astrophysical 

Sciences, Princeton University) and Piotr J. Flatau (Scripps Institution of Oceanography, 

UCSD) in FORTRAN, is one of the most popular computer codes used for electromagnetic 

scattering calculations by nonspherical particles [72-74, 91]. Some of the most popular and 

widely used codes available in the public domain are presented in this section. 

1.3.3.1 T -matrix code 

It is a computer program available in the FORTRAN language using the null field method to 

solve electromagnetic scattering problem for fixed and randomly oriented scatterers. Uniform 

orientation distribution functions are used to compute scattering and absorption properties of 

scattering particles. The input parameters for this code are incident wavelength, particle radius, 

refractive indices of the particle and medium (nonabsorbing). The output parameters are 

scattering angle ( ) and scattering matrix elements, scattering efficiency ( scaQ ), extinction 

efficiency ( extQ ), single scattering albedo (a) and asymmetry parameter (g). 

1.3.3.2 DDSCAT code 

DDSCAT 7.3 is the latest version of original FORTRAN-90 code based on DDA, which can 

calculate the electromagnetic scattering and absorption properties of particles with arbitrary 

geometries and complex refractive index values. It can be applied to both scattering by single 

particles, particle systems and 1-d and 2-d periodic finite targets. A number of particle shapes 

(for e.g., ellipsoids, hexagonal prisms, finite cylinders etc.) are predefined in different 



Introduction   Chapter I 

  

 

 13 
Optical characterization of particulate matter using indigenous computational and experimental techniques  
   
 

functions and subroutines in the code. The most important inclusion in DDSCAT is the user 

friendly procedure of importing any type of irregular and complex target geometries in the 

form of a ‘shape.dat’ file directly into the code. It also allows user to modify the main 

‘executable parameter file’ with flexibility regarding most of the input parameters (either to 

apply restrictions or assign new values). The number of directions of particle orientation in the 

scattering plane and allowed scattering directions can be modified very easily. The main 

difficulty lies in the generation of external target geometries to replicate dust particles. It also 

calculates all the near and far field values of electric and magnetic fields for the scattering 

particle, carried out by a subroutine ‘ddapostprocess’.  

DDSCAT is the most versatile and flexible computational tool used to calculate the 

optical properties irregular dust particles (terrestrial and extra-terrestrial). There is some 

restrictions regarding the particle sizes as compared to the incident wavelengths which requires 

that the interdipole separation (d) must be small compared to structural dimensions in the target 

and must also be the smaller or almost equal to the incident wavelength. There is a condition 

called ‘DDA condition’ which must be satisfied for accurate computation of the scattering 

matrix elements [74], 

1kdm                                                                                     1.1 

where m is the complex refractive index and 


2
k ,   is the incident wavelength in vacuum. 

For calculations demanding more computational accuracy (e.g., radar or lidar applications) the 

condition becomes more critical.  

i.e. 5.0kdm . And the particle size parameter is the only factor that limits DDSCAT [74, 

75].  

1.4 Light scattering experimentations 

1.4.1 Static light scattering 

Two techniques are generally employed to investigate light scattering properties of small 

particulate matter.  

Static light scattering measures the average scattered intensity of particles in fluids or 

solution by integrating the scattered signal over a period of time. The output is then used to 
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determine particle size and molecular weight. The intensity is very sensitive to variations in 

size of the solutes, so that it is advantageous to investigate aggregation in scattering media. 

Dynamic light scattering monitors the fluctuations of scattered photons over very 

short time intervals from the sample. The output is a direct indication of the Brownian 

movement of particles and their diffusion characteristics which can then be used to determine 

particle size. 

The technique used in this thesis work is static light scattering. The properties of static 

light scattering are, 

1. It’s an optical characterization technique in which the scattered light intensity is 

measured as a function of scattering angle. 

2. The study of spatial scattering dependency of small particulate matter helps in detection 

of scattering particles in a medium and to understand the complex mechanism of 

radiation transfer. 

3. In the simplest form the static light scattering setups used for scattering profile 

calculations, either consists of a movable single detector or multi angle array sensors 

that facilitates the detection and measurement of intensities at all the points or angles 

of interest simultaneously. 

1.4.2 Experimental measurements of scattering matrix elements 

The restriction that reduces efficiency of light scattering computations are not applicable to 

experimental measurements of the scattering matrix. But the technical difficulties involving 

measurement of very small particles at visible, infrared and ultraviolet wavelengths are the 

source parameters and detector sensitivities. Also special care should be taken for selective 

absorption of particular wavelengths in the propagating medium. Another factor which 

requires special treatment is contamination of scattering particles with dust present in the 

medium. The problem magnifies when the dust particles are of similar sizes to the target. Also 

there is a tendency of particle aggregations during the process of particle delivery to the path 

of incident beam. 

In a typical light scattering experimental setup a light beam basically from a laser or 

xenon light source is used. The beam passes through polarizers and interacts with particles 
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either in suspensions or in a jet stream. The angular light scattering patterns are detected by 

spatially distributed photodetectors (photodiode or photomultiplier tube), fitted with analyzers 

for selective acquisition of polarized signals. The analyzers are basically linear or circular 

polarizers and quarter wave plates. The main difficulty is that the orientation of these active 

optical components must be perfect respect to the scattering plane for recording a particular 

scattering event in the scattering volume. Another limitation of the experimental setups is its 

inability to measure the scattered light at extreme angles i.e. close to 0⁰ and 180⁰ respectively, 

mainly due to safety of highly sensitive photodetectors [3, 4]. The finite aperture problem also 

persists for extinction cross section measurements due to stray signals. Most of the 

experimental arrangements uses only unpolarized incident light to measure two of the Mueller 

matrix elements, the volume scattering function and degree of linear polarization. This is 

because of considering the nature of natural and astrophysical light sources like stars, these 

elements are sufficient to measure majority of optical and physical properties of a particular 

kind of scatterer. The complexities of using a large number of optical components and the high 

demand of adequate care to ensure perfect alignment and calibration leads to the fact why the 

full scattering matrix is less frequently measured. 

The physical properties of particulate matter that determines their light scattering 

behaviors and patterns are size, refractive index, and density along with the particle shape, 

geometry, and surface roughness [3, 4, 92]. In case of slightly larger particles, sharp edges and 

small features also influence their optical properties mainly for irregularly shaped particles. 

The scattering matrix elements can be measured successfully in the laboratory with simple 

lasers and or other light sources and photodetectors [27]. 

 The light scattering instruments essentially measure the intensity and polarization of 

the scattered light. These results are then used to interpret size, shape and size distributions of 

the scattering particles. 

The most basic form of light scattering instruments are the nephelometers. It is an 

instrument used for measuring angular variations in intensities and polarization of scattered 

radiation [2]. Its importance is the determination of particle sizes and shapes from the angular 

scattering patterns [93-95]. 
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As shown in the Figure 1.2, a simple nephelometer consists of a light source with 

collimators and slits. A number of active optical components- neutral density filters, color 

filters and polarizers (linear, circular and quarter wave plates) are employed to control the 

color, intensity and polarization states of the laser light. The detector is basically a photodiode 

or a photomultiplier tube. The system can rotate over the scattering plane in the range of 0⁰ to 

180⁰ respectively, with variable angular resolution as demanded by the experiments. The 

detector is fitted with suitable lenses, filters and analyzers. These setups are highly stable and 

successfully measures the optical properties of particles. But with changes in scattering angle 

the scattering volume changes (intersection region of the incident wave with the detector field 

of view).  A beam stop is used at the extreme ends of the setup to absorb the directly incident 

light thus providing a dark background for greater sensitivity of the relatively weak scattered 

light by the detectors.  

1.5 Origin of the problem 

In recent years various theoretical and experimental calculations using Mie theory, Finite 

difference time domain method (FDTDM), Waterman’s T-matrix method, Discrete dipole 

approximation (DDA), Geometrical optics approximation (GOA) etc. have been carried out in 

Figure 1.2 Nephelometer setup. 
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an attempt to explain experimental and observed light scattering properties of dust particles. 

But due to some inadequacies in addressing all the factors in a complex real situation, the 

theoretical and experimental results seldom fit arguably at higher degrees of accuracy.  

Numerical techniques are inadequate without modifications, to provide strong evidences about 

the combined effects of a large number of physical variables as observed in case of dust 

particles. 

1.6 Objectives of the work 

1. Design, development and modifications of a light scattering characterization setup 

based on laser probes and photodetectors. 

2. Development of computational tools based on DDA for simulation of physical and light 

scattering properties of a variety of samples (aerosols, dust, hydrosols and biological 

cells). 

3. Comparative analyses of the calculated and experimental light scattering parameters of 

interstellar graphite dust analogue samples. 

4.  Synthesis and comparative study of scattering parameters of interstellar silicate dust 

analogue sample (Fayalite (Fe2Si04)). 

5.  Comparative analyses of scattering parameters of silica as atmospheric aerosol 

analogue for remote sensing and medical applications. 

6.  Study of graphite and fayalite dust analogue mixture to develop models to reproduce 

experimental results. 

1.7 Outline of the thesis 

This PhD thesis is a detailed description of the modeling and simulation studies of highly 

irregular particulate matter in the form of analogue samples for interstellar dust and 

atmospheric aerosols, using user generated shapes.  

The light scattering properties of small particulate matter in the Mie regime are 

calculated using theoretical computational techniques Mie theory and DDA. Experimental 

measurements with a laboratory set up using a laser based probe and suitable detector system 

have been performed. Different types of micron and submicron sized particles are investigated 

having multidispersed size distributions to represent their states in naturally available forms. 
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Realistic models are designed and the theoretical computation of light scattering parameters 

namely phase function, linear polarization, single-scattering albedo, asymmetry parameter, 

cross-sections of extinction and absorption for different wavelengths are performed. A 

comparative analysis of the theoretically calculated and experimentally measured light 

scattering patterns at various incident wavelengths are also conducted. In the computational 

models several irregular shapes are generated which were found to be very common in the 

scanning electron microscopy (SEM) images of real samples used in the laboratory 

measurements and subsequently their light scattering properties are computed.  

This thesis consists of seven chapters and a general introduction (current chapter) 

including definition of the problem and literature review.  

In chapter II the theories of light scattering and a short theoretical background of DDA 

is discussed along with mathematical formalism. The mathematical calculation techniques of 

scattering matrix elements are provided in details with the size and shape averaging equations.   

In chapter III detailed description of the developed computational technique is 

provided. Details of the experimental setup used in the study is also presented in the chapter. 

The experimental validation and calibrations of the laboratory setup is given with explanations. 

The chapter IV provides a description of the computational and experimental light 

scattering studies of interstellar dust analogue samples of graphite and fayalite. In the first part, 

the light scattering properties of shape and size distributed graphite samples are calculated and 

conclusive evidences were found about the particle shape and surface roughness effects on the 

size averaged and normalized values of scattering parameters. In the second part computational 

and experimental studies of fayalite is presented. The findings are important keeping in mind 

the fact that it is the rarest studied species of silicate dust, due to limited availability in the 

earth’s crust.  

In chapter V the light scattering studies of silica is provided in detail. The light 

scattering properties of silica microparticles are performed, due to its importance as an 

atmospheric aerosol and drug delivery agent in medications. These studies provided important 

clues about the modeling techniques to detect and characterize the properties of highly irregular 

unknown scatterers with complex optical properties. 
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 Chapter VI provides the modeling and simulation studies of a mixture graphite and 

fayalite. A comparative analysis of the theoretical and experimental results of shape and size 

averaged scattering parameters shows the effects of changing the percentage composition, 

number of dipoles, and number of directions considered for orientational averaging. These 

demonstrates a well-defined model to calculate the light scattering parameters of dust 

aggregates with two or three constituent elements. 

Finally in the chapter VII the conclusions about the developed computational models 

are provided along with explanations for acquired results and possible reasons for theoretical 

and experimental errors. The limitations of the work and future directions are also included. 
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